Introduction
Gene transfer represents the next potential era of advancement in medicine for the prevention of the effects of aging or for treatment of genetic or acquired disease. The concept of gene therapy is that the intermittent or single addition of a selective gene causes the body to manufacture natural proteins using the patients own cells as minibioreactors. 1 These naturally produced proteins can correct the abnormalities of cellular function and can correct abnormal physiological function. This presentation summarizes past attempts at gene transfer and introduces an exciting new gene transfer program that is currently in human trial.
The current era of medical therapy for the treatment of erectile dysfunction (ED) began in 1982 with the discovery that the intracavernous injection of the nonspecific phosphodiesterase inhibitor (PDE) papaverine could induce erection. 2 Intraurethral, intracavernous, and oral therapy with vasodilating agents were developed and were adopted rapidly into the clinical armamentarium. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The problem with each of these treatments is that they must be used on demand, thereby reducing the spontaneity of the sexual act. Furthermore, the most frequently used drugs, the oral PDEs, are effective in only approximately 60% of men, have significant side effects, and are contraindicated in the presence of certain diseases or concomitant medications. 13, 14 The recent report of nonarteritic anterior ischemic optic neuropathy in a small number of men with diabetes who were using the PDEs has created a potential for reduced demand in the use of that family of drugs in men who need them the most. 15 Given the limitations of the current therapies, there is a great potential for advancement in using gene transfer for therapy of ED and other potential genitourinary smooth muscle diseases. The safe and efficient use of vectors that allow delivery of the gene into the cells of interest (e.g., viruses and plasmids), allowing the new gene to bypass the body's natural defense mechanisms, are the challenge to the field. Serious adverse events, including death, caused by the host response to viral vectors used to gain entry of the recombinant DNA into the cells of interest thus far have limited the widespread interest and progress in the field. In particular, for non-life-threatening applications in urologic diseases such as ED, pharmaceutical industrial interest has been quiescent. Therefore, progress in the field has been left to the urological laboratories in several medical centers with longstanding interest in ED. [16] [17] [18] [19] [20] [21] [22] [23] [24] To date, the reports are from studies in the preclinical, early stage that use a variety of vectors and genes. The response to the transfer for the most part has been measured within days to a few weeks after transfer. A representative summary of these studies is shown in Table 1 .
For gene transfer to be a practical successor to today's oral and minimally invasive therapies, the product must have a high safety profile and a long duration of effectiveness to correct the need for on-demand administration. The penis is an organ uniquely suitable for gene transfer because of its anatomic features, its ultrastructural features, and the presence of potassium channels within it.
Suitability of the penis for gene transfer

Anatomic features
The most obvious reason why the penis is ideally suited for gene transfer is that it is an external organ that is readily accessible and whose anatomy permits a tourniquet to be placed at its base. The tourniquet limits any potential biodistribution of gene to other organs, thus diminishing the potential objection to theoretical problems related to direct intravenous injection of a gene product. Second, the penile portion of the paired corpora cavernous is in direct communication with itself through the fenestrated midline septae. Therefore, an injection Gene transfer for the therapy of erectile dysfunction A Melman of gene product on one side of the penis traverses the midline and is available to the other side of the penis. Third, the blood flow of the corpora at rest is very low at approximately 5 ml/min, ensuring a long dwell time in the cavernous bodies even in the absence of a tourniquet. Finally, the sinusoidal spaces of the corpora allow for several milliliters of the gene transfer product to be administered into to a vascular space lined by endothelial cells. Preclinical studies have shown that naked DNA is readily transported across these endothelial cells into the smooth muscle of the trabeculae. 25 Ultrastructural features Gap junctions are membrane channels consisting of connexin 43 protein molecules that form pores between cells that allow rapid passage of intracellular ions and second messengers. [26] [27] [28] Regulation of the open state of the channels is accomplished by phosphorylation of the channel proteins and the electrical state of the cell. The presence and natural redundant function of the channels allows the penile corpora to function as a syncytium, so that even if neurotransmission signals are diminished because of disease or trauma, cell-to-cell communication is possible. The effectiveness of the gap junction channels allows use of a safe but inefficient vector, such as naked DNA, with uptake rates of approximately 10% used for effective, physiologically relevant gene transfer in the smooth muscle of the genitourinary system (Figure 1 ).
Potassium channels
Potassium channels are ubiquitous in smooth muscle, and their action controls the moment-tomoment membrane potential of the cell. That control translates into whether the smooth muscle cell is contracted or relaxed, and thereby controls the organ function. 29 Previous reports have shown that there are at least four potassium channels present in the plasma membranes of the cells of Gene transfer for the therapy of erectile dysfunction A Melman the human corpora. [28] [29] [30] [31] [32] These channels are the
, and the inward rectifier K þ (K IR ). The role of the potassium channels in smooth muscle regulation is to respond to physiological intracellular events by opening and allowing K þ flow down its electrochemical gradient out of the cell, thereby lowering of the membrane potential of the cell to a more negative state. That action -hyperpolarization of the cell -limits the entry of calcium into the smooth muscle cell through voltage-dependent calcium channels. The physiological relevance is that gene transfer offers the ability to overexpress a potassium channel gene in tissue that has a reduction in neuronal input or a 'K channelopathy' each as a result of disease or aging, but will not cause a permanent state of relaxation of the organ, for example, priapism, after gene transfer to the penis (Figure 2 ).
Safe and effective vector
The next step in the gene transfer program was to choose a safe vector that would allow the transfer to occur, yet pass the scrutiny of the Food and Drug Administration (FDA) for potential therapy of a nonfatal disease for which other therapies were already available. The vector that meets each of these requirements is naked DNA. Most important is that naked DNA does not cause an allergic response, as do the viral vectors, and, as shown in Figure 3 , it is not integrated into the host chromosome, as also occurs with viral vectors.
Although it has been reported that naked DNA would not be useful for therapy of disease because of a lack of efficacy and duration, the preclinical data we have collected belie that suggestion. Previous publications have reported both the efficacy and long duration in two rat models of human disease (aging and diabetes mellitus). 33, 35 The presence of the aforementioned connexin 43 gap junction and the presence of potassium ion channels that control the moment-to-moment inward fluxes of the contractile Ca 2 þ ions have allowed the development of a gene transfer product we have named hMaxi-K. hMaxi-K is composed of a safe, nonallergenic plasmid vector designed to treat ED in humans (see Figure 4) .
The physiological effect of gene transfer with hMaxi-K has been verified over several years in hundreds of animals using models of aging and diabetes. 25, [33] [34] [35] In these animal models, the effect of Figure 2 Diagram showing the relationship to the potassium ion channels, intracellular calcium ion, procontractile and relaxant second messengers, and contractile proteins of the smooth muscle cell. As smooth muscle contractility is primarily regulated by intracellular Ca 2 þ , the moment-to-moment control of calcium entry by potassium channel activity regulates the tone of the smooth muscle cell. Furthermore, the change to the open state of the channel is in response to an event. Most of the time, the K þ channels are in the closed state. With the opening of the channel, the membrane potential of the cell becomes more negative (i.e., hyperpolarized) and the voltagesensitive calcium channel closes and prevents influx of calcium ion into the cell.
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A Melman transfer of Maxi-K in doses ranging from 10 to 1000 mg has been tested on erectile function (see Figure 5 ). Although a response was observed at all levels of transfer, a sustained dose-dependent response was observed for at least 4 months in an streptozotocin (STZ)-induced diabetes model and for 6 months in a model of aging.
33,35
Preliminary results of a phase I safety trial In the upper panel, in which a retrovirus is used as the vector, the DNA passes across the cell and nuclear membrane into the nucleoplasm, where it is integrated into the chromosomal apparatus. When naked DNA is used to effect the transfer, the DNA passes across both membranes but is not incorporated into the nuclear apparatus. Figure 4 Diagram of a representative cell into which the a-subunit of the Maxi-K channel has been transferred. Three additional Maxi-K channels are shown in the cell membrane. As it is not know if the additional channels expressed by the hMaxi-K possess the b-subunit, that unit was not included. In the presence of an appropriate neural or ionic signal, the potassium channels open, hyperpolarize the cell to approximately À60 mV, and inhibit the influx of calcium ion, thus causing the cell to relax.
Gene transfer for the therapy of erectile dysfunction A Melman eliminate the possibility of transfer of the gene to a fetus. Gene transfer trials also require 15 years of follow-up after completion of the study. A preliminary result after transfer in six men at two doses was reported recently. 36 At this time, three dose levels, 500, 1000, and 5000 mg, have been instilled sequentially into three groups of three men each. Results of the trial from the first six participants who received the 500-and 1000-mg doses recently were published. 36 The 5000-mg dose corresponds to an instillation of 46 mg in the rat, well below the 1000-mg instillation used in the preclinical studies. Preliminary data have shown no gene transfer-related serious adverse events in any of the trial participants. There have been no abnormal alterations of serum electrolyte, hormonal, or inflammatory factors related to the transfer. Transfer of the gene to spermatozoa is a particular concern of the FDA. Participants have had to submit posttransfer semen specimens for analysis. To date, here has been no evidence of transfer of hMaxi-K to the semen, as measured with polymerase chain reaction, in any specimen, in any participant, at any time up to 6 months after transfer. In the first two groups, 500 and 1000 mg, there has been no evidence of efficacy as determined by IIEF and Rigiscan. However, in the third group, one participant has reported a significant improvement in the hardness and duration of erection as estimated by questions 3 and 4 of the IIEF, verified by his sexual partner, in the second and third month after transfer. That finding if replicated in additional men may indicate the clinical utility of the hMaxi-K gene transfer.
Conclusions
In summary, the current state of gene transfer for the potential therapy of ED has been reviewed. The adverse atmosphere for the use of viral vectors for therapy of nonfatal disease has promulgated the use of a safe but less efficacious vector, naked DNA. Despite the prevailing opinion in the literature that naked DNA is of short-acting duration, our preclinical results suggest the opposite to be true after transfer into the rat penis. The rationale has been presented for the use of Maxi-K, and we report the early results of the first human clinical trial of gene transfer for the treatment of ED. To date, after transfer of three of the chosen doses in this single dose-escalation phase I trial in which gene transfer of the hMaxi-K gene was administered to nine participants, there have been no drug-related adverse events and no transfer of the plasmid to the participant's semen. Yet to be determined is the efficacy of gene transfer in a dose-dependent manner in humans that is equivalent to 100-1000 mg in the rat. At present, sequential instillation of two higher doses equivalent to 69 and 92 mg in the rat is planned. The results of these higher doses will be reported subsequently. Note that in the animal in which gene transfer was carried out 1 week earlier with hSlo, the maximal intracavernous pressure was 125 cm H 2 O compared with a maximal pressure of approximately 70 cm H 2 O in which vector only was transferred. When the electrical signal was stopped, the cavernous pressure elevation dropped immediately in both animals.
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